Abstract-A tunable microwave notch filter is developed on magnetodielectric material having low saturation magnetization to attain low external dc magnetic field for biasing. A simple microstrip line at 10 GHz is developed on nickel ferrite/low density polyethylene nanocomposite system as substrates and its microwave transmission response is studied in X-band. Composite system is developed by dispersing nano sized nickel ferrite (∼6.63 nm) in low density polyethylene to obtain a homogeneous flexible substrate. Saturation magnetization of 4% volume fraction of the composite is found to be 1.8745 emu/g. Tunability of Q value and insertion loss is studied with magnitude of external dc magnetic field and at different angles of its orientation with the axial plane. A very low field up to 250 G is sufficient to tune the selectivity. An insertion loss of ∼ −30 dB and Q ∼ 375 at 10.2 GHz is observed. The interaction of magneto static modes with orientation of the applied dc magnetic bias with respect to rf magnetic field is discussed with couple mode theory. Good cutoff behaviour of more than 28 dB is observed at magnetic field angles from 23.52 • to 34.21 • . The experimental and theoretical couplings show close proximity.
INTRODUCTION
Gyrotopic properties of ferrites have been long exploited to develop microwave devices which are non-reciprocal. External magnetic tuning of MIC devices fabricated on the ferrite substrate finds applications for removal of spurious frequencies and is the need of present day mobile and satellite communication systems [1] [2] [3] [4] [5] . Most of the magnetically tuned microwave devices reported have been realized on bulk ferrites and require sufficiently large external dc magnetic field to alter the device S-parameters. Nano sized ferrites are reported to have low saturation magnetization, and hence a small external dc magnetic field should be sufficient to select/deselect the transmission band of passive rf components fabricated on them [6] [7] [8] .
In this investigation, band selectivity of the microstrip line is studied with magnitude of external dc magnetic field bias and its orientation w.r.t. pumped rf magnetic field on a new class of low loss magnetodielectric nanocomposite substrate. For fast transition in band selection, the planar device has to show a quick on/off response with variation of external dc magnetic field. For this purpose, Ni 2+ ferrite is selected because of its soft magnetic properties. The substrate is synthesized by reinforcing nano sized NiFe 2 O 4 particles in low density polyethylene matrix. The NiFe 2 O 4 -LDPE composite offers low hysteresis losses and low domain-wall displacement, as the ferrite nanoparticles approach single crystal domains and also the skin effect is suppressed in the composite sample as the average size of the NiFe 2 O 4 nanoparticles is much smaller than the skin depth in 3d ferromagnetic metals, at microwave frequencies [9] . The polymer matrix, in the composite, provides additional dimensional flexibility. The magneto-dielectric material is engineered to develop the geometry. The magnetostatic modes generated in the planar transmission line system are analyzed using coupled mode theory [10] .
EXPERIMENT

Material Synthesis
The substrate is fabricated by reinforcing 2% and 4% volume fraction of (NiFe 2 O 4 ) nano particles into LDPE matrix.
Nickel ferrite nanoparticles are prepared by wet synthesis method by annealing the precipitate precursor powders at 400 • C temperatures [11] .
An improved thermal conductivity, of value 0.0156 W/cmK, is observed for 4% v.f. of the magnetodielectric composite as compared to 0.0108 W/cmK for 2% VF. The 4% volume fraction of the magnetodielectric composite is chosen as the substrate for microstrip line for further study because of its better heat dissipation capability. Thermal conductivity of the magnetodielectric composite is measured by Lee's method. The water absorbance study, carried out for 48 hrs, shows the composite to be hydrophobic with 0% water absorbance.
Microstructural Study of the Magnetic Nanoparticles
The average crystallite size of the NiFe 2 O 4 nanoparticles, annealed at 400 • C, is determined from X-ray diffraction (XRD) study and is found to be about 6.63 nm [11] . Transmission electron micrographs (TEM) of the ferrite particles are taken to see the microstructural properties like shape and size using JEOL-TEM-100 CXII (Collidion Coated Copper Grids) as shown in Fig. 1(a) . Most of the particles appear almost spherical in shape as seen in the TEM images. Some moderate agglomerations of particles are present in the images, at higher resolution. This is possibly due to interaction of the dispersed particles with the intense electron beam, as resolution increases.
Magnetic Measurement of the Magnetodielectric Composite material
Magnetization properties are studied using Vibrating Sample Magnetometer (VSM), Make: Lake Shore Cryotronics Inc., USA, Model: 7410. Fig. 1(b) shows the plot of magnetization versus magnetic field (M -H loop) at room temperature for 4% volume fraction of NiFe 2 O 4 nanoparticles, reinforced in LDPE matrix. The plot of M vs. H with magnification close to the origin and saturation is shown in Fig. 1(b) as inset (a) and (b) respectively. The numerical values estimated are shown in Table 1 . Density of the composite is evaluated by Archimedes' principle and is found to be 0.8 g/cc. In CGS unit, the 4πM s value is found to be 18.835 G for the 4% volume fraction of the composite.
Microstrip Line
The design parameters for the microstrip line at 10 GHz, are determined from the design described in literature [12] [13] [14] [15] [16] [17] [18] [19] [20] . The dispersive effective permittivity, ε eff (f ), and permeability µ eff (f ), of the microstrip line geometry for demagnetized state, are computed from the following equations as [15, 18] 
(1)
where ω is the operating frequency in rad/sec and γ is the gyromagnetic ratio. The symbols, in (1), have same meaning as mentioned in [18] . The complex permittivity, ε r , and permeability, µ r , of the magnetodielectric substrate material (at the design frequency) are evaluated using shielded conductor backed coplanar waveguide technique [21] . The guided wavelength of the magnetodielectric substrate is determined by substituting the values of (1) and (2) in the equation given below
where λ 0 is the wavelength of the designed frequency. The microstrip line is designed at 10 GHz frequency, using the parameters tabulated in Table 2 Fabrication of copper line on the NiFe 2 O 4 -LDPE substrate is performed in two steps by rolling technique [22] . A thin layer of cyanoacrylate epoxy resin (CER), of thickness less than 20 micron (99.95% less than the probing wavelength), is used on both sides of the substrate as an adhesive. It is observed with the cavity resonator method that the loaded frequency of the substrate does not shift its position on brushing the CER adhesive on both sides of the substrate. Copper sheet of thickness 0.15 mm is placed on both sides of the substrate, and rolled at pressure 6 torr for one hour, to obtain the metallized substrate. Fig. 2 shows the schematic of the microstrip line. An external dc magnetic field (µ 0 H 0 ) is applied at different θ w.r.t. axial plane (X-Y plane), whereas the electromagnetic wave is propagated along the Z-axis.
RESULTS
Microstrip Line Transmission Response
Microstrip line drawn on NiFe 2 O 4 -LDPE composite substrate shows high insertion loss for low external dc magnetic field strength unlike, YIG and other bulk ferrites where the magnetic strength of the order of few kilo gauss is required for tunability [23] . Schematic of microstrip line geometry arbitrarily magnetized in the XZ plane. S 21 -parameter is measured using an automated PC-based system developed in the laboratory [24] . The measurement system has frequency least-count of 0.001 GHz. Measurements are carried out over a range from 9.500 to 12.045 GHz at room temperature. Figure 3(a) shows the transmission characteristics of the microstrip line under the influence of external magnetic field (µ 0 H 0 ). The insertion values (Figs. 3(a) and 3(b) ) for 800 G and 1 kG external dc magnetic merges for both angles (a) θ = 0 • and (b) θ = 90 • orientation and cannot be resolved even after magnifying the graph. This is because, low saturation magnetization of the substrate makes the insertion loss unaffected for values of µ 0 H 0 > 800 G. In absence of external bias, two notches at 9.91 GHz and 10.05 GHz having insertion loss values −9.871 dB and −7.987 dB, respectively, are observed. The shift in the design frequency from 10 GHz to 9.91 GHz is observed due to uncertainty of 0.5% in the measured complex permittivity values at the design frequency [21] . On increasing the strength of µ 0 H 0 to 400 G along Y -axis of the microstrip line geometry θ = 0 • , it is observed that 9.91 GHz notch does not show much variation in the insertion loss. Orienting the 400 G magnitude external magnetic field along X-axis (θ = 90 • ), a notch of −41.33 dB at 10.2 GHz is observed (Fig. 3(b) ).
To 
DISCUSSION
Transmission Response with Varying Magnitude of dc Magnetic Field
NiFe 2 O 4 -LDPE composite system shows small saturation magnetization, M s = 1.8745 emu/g (Section 2.3). The magnetic inclusions approaches single domain as the size of the particles approaches nano scale [25, 26] . The NiFe 2 O 4 nanoparticles are immobilized in the LDPE matrix throughout the volume of the substrate which disallows agglomeration of the filler particles. The diamagnetic phase of the polymer between the two magnetic particles lowers the exchange interaction phenomenon among the ferrite nanoparticles [27] . The low interparticle exchange interactions results in reduction of saturation magnetization value of the magneto-dielectric composite material and the magnitude of external dc magnetic field required for magnetizing the substrate is also low. In the present investigation, it is observed that (Section 3.1) small magnitude of external µ 0 H 0 is sufficient for changing the transmission line response of microstrip line on NiFe 2 O 4 -LDPE substrate.
With application of external magnetic bias, at some value of µ 0 H 0 , the magnetization of the magneto-dielectric composite system reaches the saturation level. Beyond this value, any further increase in the magnetic field has little or no effect on the alignment of magnetic moments of NiFe 2 O 4 nanoparticles and the magnetization reaches a steady value, and the insertion loss value does not reduce further. However, with the increase in external magnetic field beyond 400 G, notch characteristic reduces from −41.33 dB to −24.38 dB (Fig. 3(b) ). With increase in external dc magnetic field beyond the saturation level, the permeability for the substrate becomes more negative and the penetration of the magnetic field component into the ferrite decreases [28] . This results in less concentration of electromagnetic energy in the ferrite and subsequent decrease in the magnetic loss. Differential coupling of the longitudinal rf magnetic field decreases due to low magnetic loss and hence the insertion loss increases allowing the transmission of the rf power through the microstrip line.
Transmission Response by Altering Angle of Inclination
The variation of insertion loss with changing θ can be explained by coupled mode theory and is based on parallel plate transmission mode [10] . The dominant mode of electromagnetic wave propagation in a microstrip transmission line, under unperturbed condition, is quasi TEM. At higher frequencies, TE and TM modes exist separately in the microstrip line geometry under study. In the presence of external dc magnetic field two magnetostatic modes are produced one at the ferrite-air interface and the second mode is concentrated near the ferrite-metal interface [29] . As the angle of inclination of external µ 0 H 0 changes from 0 • to 90 • in the X-Y plane (Fig. 2) , the non diagonal components of the permeability tensor, given by (4) The angles where the phase matching between the magnetostatic modes and TEM mode occurs, gives the maximum coupling [10, 30] . The coupling of TM to magnetostatic modes and TE to TEM modes are determined in terms of the coupling coefficients C ab and C ba , derived from couple mode equation as [30, 31] 
where Figure 6 shows plot of C ab and C ba computed for the microstrip line on NiFe 2 O 4 -LDPE composite. At θ = 0 • , the coupling coefficients are zero showing weak interaction between TE and TM modes which propagates separately. These two modes with nonzero cut off frequencies may generate two separate notches, as observed in Fig. 3(a) , in absence of external bias field.
Theoretical and experimental angles of inclination for different magnitude of external magnetic field, shown in Table 2 , shows close proximity. Experimentally minimum insertion losses are observed at the angles where maximum coupling is occurring (Table 3) . Good cutoff behaviour of more than 28 dB is observed over the external magnetic field range from 40 G to 250 G and is caused by coupling between TEM and magnetostatic modes. 
